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We wish to report in this paper a study of the effective mass (m*) in thin-oxide Si-metal-oxide- 
semiconductor field-effect-transistors, using the temperature dependence of the Shubnikov-de Haas 
(SdH) effect and following the methodology developed by J.L. Smith and P.J. Stiles, Phys. Rev. Lett. 
29, 102 (1972). We find that in the thin oxide limit, when the oxide thickness d ox is smaller than the 
average two-dimensional electron-electron separation r, m* is still enhanced and the enhancement 
can be described by m*/m_e = 0.815 + 0.23(r/dox), where tub = 0.195m e is the bulk electron 
mass, m e the free electron mass. At n s — 6 x 10 11 /cm 2 , for example, m* ~ 0.25m e , an enhancement 
doubles that previously reported by Smith and Stiles. Our result shows that the interaction between 
electrons in the semiconductor and the neutralizing positive charges on the metallic gate electrode 
is important for mass enhancement. We also studied the magnetic-field orientation dependence of 
the SdH effect and deduced a value of 3.0 ± 0.5 for the effective g factor in our thin oxide samples. 
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Over two and a half decades ago, Smith and Stiles 
reported their observation of effective-mass enhance- 
ment in the two-dimensional electron system (2DES) 
in silicon metal-oxide-semiconductor field-effect transis- 
tors (Si-MOSFET's). Following an earlier experiment by 
Fang and Stiles || on effective g factor enhancement, 
they were able to take advantage of the continuous den- 
sity tunability of the device and carefully investigated 
the 2D electron density dependence of mass enhance- 
ment. Their finding that the effective mass m* , in the 
unit of free electron mass m e , continuously increases from 
~ 0.21 to 0.225 for electron density (n s ) decreasing from 
~3x 10 12 /cm 2 to 0.6 x 10 12 /cm 2 demonstrates unam- 
biguously the electron-electron (e — e) interaction origin 
of the enhancement. Their experimental result was soon 
confirmed by theory and stimulated a great deal of the- 
oretical interest in many-body effects in low dimensional 
electron systems. Subsequently, Fang, Fowler, and Hart- 
stein [|| also investigated the influence of oxide charge 
and interface states on effective-mass measurement. 

One question that was not addressed in these pioneer- 
ing works is how the oxide thickness influences the mass 
enhancement. In particular, as the oxide thickness de- 
creases, screening of the e — e interaction by the metallic 
gate will become important. In the limit when the aver- 
age e — e separation is larger than the oxide thickness and 
the gate screening prevails, the e — e interaction induced 
mass enhancement can be expected to diminish. In other 
words, if there is no other mechanism for enhancement, 
the mass as a function of n s should show a decrease with 
decreasing n s in this low density limit. 

We wish to report in this paper a study of the effec- 
tive mass in thin-oxide Si-MOSFET's, using the temper- 
ature dependence of the Shubnikov-de Haas (SdH) ef- 
fect and following the methodology developed by Smith 
and Stiles W. We find that in the low-density limit, 



when the oxide thickness d ox is smaller than the aver- 
age 2D e — e separation r, defined by r = l/^/nJ, m* 
is still enhanced and the enhancement can be described 
by m* jra B — 0.815 + 0.23(r/d ox ), where tub is the bulk 
electron mass equal to 0.195m e . At n s = 0.6 x 10 12 /cm 2 , 
for example, m* — 0.25m e , an enhancement doubles that 
previously reported by Smith and Stiles. We also stud- 
ied the magnetic-field orientation dependence of the SdH 
effect and deduced a value of 3.0 ± 0.5 for the effective g 
factor in our thin oxide samples. 

The samples are n-type inverted silicon(lOO) surfaces 
on p-type substrates with peak mobility 1700 cm 2 /V s 
at 4.2 K. The thickness of the oxide (d ox ) is 60 A, The 
channel length (L) is 2 fj,m and the channel width (W) 
12 (Ltm. Since W/L 3> 1, the edge effect is not important 
in our experiments. The leakage current between the 
gate and the channel is virtually zero and much smaller 
than the drain-to-source current (Ids)- A drain voltage 
(Vb) not larger than 20 /xV is applied throughout the 
experiment to ensure that the measurements are done 
in the Ohmic regime and there is no hot-electron effect. 
Transconductance, G m = dlus/dVc, is measured at a 
fixed magnetic field (here Vq is the gate voltage). The 
magnetic field (B) is chosen according to the following: 
(1) It has to be small enough so that the experiment is 
done in the SdH oscillation regime. (2) The B field has 
to be sufficiently large so that the SdH oscillations are 
clearly observed. The experiments are performed in a 
3 -He system, with a base temperature (T) of 0.3 K. The 
temperature uncertainty generally is smaller than ±0.005 
K. The measurements are done by employing a standard 
low-frequency lock-in technique, typically at 7 Hz. The 
results are reproducible from run to run after the same 
cool down. As many as ten samples of the same type are 
studied. All the samples give the same results within our 
experimental error. 
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In Fig. 1, we plot G m as a function of Vq for one of the 
samples (sample A) . The SdH oscillations are observed in 
electron densities down to 0.6 x 10 12 /cm 2 . G m has been 
measured at many temperatures, and here three different 
temperature traces are shown to illustrate the tempera- 
ture dependence of the oscillation amplitude. After the 
nonoscillatory background is subtracted, the oscillations 
are found to be sinusoidal with a single period, which 
proves that all electrons occupy one subband. The pe- 
riod of the oscillations is the change in Vq which produces 
a change in n s equal to the number of electrons needed to 
fill a Landau level. This number is 4eB/h (here, e is the 
electronic charge, h is Planck's constant). Consequently, 
the minima in G m vs. Vg occur whenever Vg satisfies 



V G = N(4e 2 /hC ox )B + V t 



iii- 



(1) 



where Vth is the threshold voltage, C ox is the oxide ca- 
pacitance, and N is an integer. Thus, if we label the min- 
ima (maxima) in G m vs Vg from left to right by integer 
(half-integer) number N, a plot of N against Vg at which 
the minima (maxima) occur should yield a straight line. 
The inset of Fig. 1 shows such a plot, where the filled 
dots are the minima of the oscillations and the open dots 
the maxima. It is clear that the data points lie on a 
straight line and N follows a strictly linear dependence 
on Vq- The rate of change of n s with respect to Vg, i.e., 
dn s /dVG = C ox /e, obtained from the slope of the straight 
line is 3.4 x 10 12 /cm 2 V, in good agreement with that 
calculated from the oxide thickness. The intercept with 
the x axis at N = gives Vth — 0-57 V for this sample. 

The SdH formalism is used to derive the effective mass 
HJ . The absolute amplitude (A) of the SdH oscillations is 
obtained by subtracting the non-oscillatory background 
and drawing the envelope on the oscillatory part of the 
G m traces. At each Vg, a set of amplitudes is then ob- 
tained from a set of temperature dependence data. The 
amplitude is fitted by a non-linear least-squares tech- 
nique according to the equation 
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where £ = 2tt 2 k B T /Tiuj c = 2ir 2 k B Tm* / 'ehB, to c is cy- 
clotron frequency, and m* is the effective mass. All other 
symbols have their usual meanings. In the fitting, it has 
been assumed that the relaxation time r is independent 
of temperature || . 

In Fig. 2(a), a plot of m* vs n s is shown for two sam- 
ples. The solid symbols represent the results from sam- 
ple A, and the open ones from sample B [Q. The effec- 
tive mass shows an unexpectedly strong increase at low 
densities, up to 0.25m e at 0.6 x 10 12 /cm 2 , even larger 
than what was reported by Smith and Stiles (0.225m e at 
the same density) [[TJ, which is shown as the dashed line. 
The data cover the density range from 0.6 x 10 12 /cm 2 
to 2.0 x 10 12 /cm 2 , corresponding to an average e — e 
separation varying from r = 130 A to 70 A. For n s < 



0.6 x 10 12 /cm 2 , the absolute amplitude of the SdH oscil- 
lations is quite small while the nonoscillatory background 
is relatively large and steep. This fact makes the deter- 
mination of the oscillation amplitude and the data fitting 
unreliable. 

As we have mentioned above, in a thin-oxide Si- 
MOSFET, the effective mass is expected to decrease with 
decreasing density in the low electron density limit where 
the screening of the e — e interaction by the metallic gate 
prevails. The observed strong mass enhancement, there- 
fore, must originate from another mechanism, which be- 
comes important in the low n s limit. First, we want 
to point out that unavoidable charges in the oxide can 
not be the origin. The electron mass is known to show 
an opposite n s dependence when a high concentration of 
charges is incorporated in the oxide 0]. Also, we recall 
that a MOSFET is simply a capacitor with the metallic 
gate and the semiconductor its two plates. The appli- 
cation of a gate voltage changes the amount of charge 
on the capacitor plates. With a positive Vg applied, 
electrons are transferred from the metallic gate electrode 
onto the silicon and are stored in the 2DES at the sil- 
icon surface. The metallic gate electrode, in turn, at- 
tains a sheet of positive charges, which can be conve- 
niently viewed as mobile holes. Their influence on the 
dynamics of the 2DES is through the Coulomb screen- 
ing H, the strength of which is controlled by r/d ox . In 
Fig. 2(b), m* is replotted as a function of r/d ox . We find 
that m* shows a linear dependence on r/d ox . In fact, 
within experimental error, all our data can be fitted by 
m*/m B = 0.815 + 0.23(r/d ox ). This empirical fit obvi- 
ously breaks down in the r <C d ox limit, where m* is 
known to equal the bulk band mass raj = 0.195m e . In 
the r/d ox — > oo limit, binding of the 2D electrons and 
the neutralizing holes on the metallic gate electrode is 
expected to form a 2D dipole gas and m*, then, should 
be the mass of the electric dipole. 

The mass enhancement due to the presence of the mo- 
bile holes on the gate electrode can be viewed as result- 
ing from the Coulomb drag effect j6[j|] — an interlayer 
Coulomb coupling between the electron layer in the semi- 
conductor and the hole layer on the metallic gate elec- 
trode. In such a two layer system, when a current is 
driven through the electron layer, the interlayer e — h in- 
teraction creates a frictional drag force that can modify 
the electron self-energy and change the effective mass. 
Several recent experiments measured the interlayer 
scattering rate in bilayer parallel electron and parallel 
hole systems. Sivan, Soloman, and Shtrikman || studied 
the bilayer e — h system in a GaAs/Ali^Ga^As het- 
erostructure and found that the scattering rate increases 
with decreasing n s , similar to the n s dependence of the 
mass enhancement observed in our experiment. 

The magnetic-field orientation (9) dependence of the 
SdH effect is also studied, from which an effective g fac- 
tor is deduced by the coincidence method developed by 
Fang and Stiles ||. Figure 3 shows two G m traces at 
different tilt angles, 6 = 0° and 6 = 68.0°. The total B 
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field is different for the two cases (B — 3.75 and 10.0 T 
respectively), but the perpendicular B field (B± =3.75 
T) is kept the same. The phase of the two traces is 
roughly 180° different, or reversed jyj. For example, 
the minimum at Vq = 1-02 V in the (9 = 0° trace be- 
comes a maximum in the 9 — 68.0° trace. The phase 
reversal can be understood from the fact that, while the 
Landau level separation (Huj c ) depends only on B_\_, the 
spin splitting (g/iBB) depends on the total B field. As 
illustrated in the inset of Fig. 3, at 6 = 0°, two spin- 
degenerate iVth, (N + l)th Landau levels give rise to the 
maxima at Vq — 0.96 and 1.09 V. By increasing 9, the 
spin degeneracy of Landau levels is lifted. The spin-up 
TVth Landau level goes up while the spin-down (N + l)th 
Landau level moves down. At 6 — 68.0°, Q[ibB = huj c 
and the two levels cross to form the spin-degenerate Lan- 
dau level giving rise to the maximum at Vq = 1.02 V. 
The effective g factor can be estimated from g[isB = huj c 
and we found for our samples g — 3.0 ± 0.5. The large 
error bar is mainly due to the large Landau-level broad- 
ening and nonzero spin splitting at zero angle. Within 
this large experimental error, g factor shows no density 
dependence. Finally, similar large g factor enhancement 
was observed by Van Campen |l0| who studied the mag- 
netoconductance in high-B fields where the spin splitting 
is resolved. By fitting the line width of the magnetocon- 
ductance oscillations, he obtained a g factor from 2.5 to 
3.6 at different densities in his sample with d ox = 44 
A and peak mobility 6300 cm 2 /V s. 

In conclusion, we have observed an unexpected mass 
enhancement in the low-density limit in thin-oxide Si- 
MOSFET's. The enhancement is attributed to the pres- 
ence of the positive neutralizing charges on the metallic 
gate electrode at a distance smaller than the average e — e 
separation. The effective g factor is also measured. Its 
value, 3.0 ± 0.5, is larger than the bulk value and shows 
no dependence on the electron density within our exper- 
imental resolution. 
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FIG. 1. The temperature dependence of G m for sample 
A. Three temperature traces are shown at T — 1.2, 2.5, 3.7 
K. The inset shows N vs Vg at which the minima (maxima) 
of G m occur. The close dots are the minima, the open ones 
the maxima. The straight line is a linear fit to the data. V t h 



is the threshold voltage. 
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FIG. 2. (a) m* vs n s for two samples, sample A (the 
solid symbols) and sample B (the open symbols). The dash 
line represents the previous result from Smith and Stiles, (b) 
The replot of m* as a function of r/d ox - m* shows a linear 
dependence on r/d ox . 
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FIG. 3. G m vs V G for B = 3.75 T at 9 = 0° and B = 10.0 
T at = 68.0°. B± is the same for the two cases. The upper 
trace is shifted vertically by a factor of 3 units. The phase 
reversal is clearly seen for the two traces. The inset shows the 
evolution of Landau levels with the tilt angle. 
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